0 frames (uORFs) can regulate cellular gene expression [10, [12] [13] [14] [15] [16] [17] [18] . As a result, the need to 7 1 mimic their host's mRNA structure could provide viruses with the potential to exploit 7 2 upstream translation initiation, something which could allow them to expand the coding 7 3 potential of their own genomes. 7 4
To determine whether this was the case, we examined segmented, negative-strand RNA 7 5 viruses (sNSVs). These include the orthomyxovirus family (which includes the influenza 7 6 viruses) and the order of bunyaviruses (which include the aetiological agents of haemorrhagic 7 7 fevers and other severe human illnesses, as well as many other pathogens of humans, animals 7 8 and plants). The sNSVs are a useful order of viruses in which to search for upstream 7 9 translation initiation for three reasons. Firstly, as RNA viruses they are already known to 8 0 employ a variety of alternative coding strategies in response to genetic constraints, which 8 1 suggests that they may also have undergone selection for additional alternative coding 8 2 methods. Secondly, each segment of an sNSV genome produces its own mRNAs with 8 3 distinct 5′ UTRs, and this diversity of viral 5′ UTRs increased the likelihood that we might 8 4 observe upstream translation initiation. Thirdly, sNSVs produce their mRNA through cap-8 5 snatching, a process in which 7-methylguanylate (m 7 G)-capped 5′ termini are cleaved from 8 6 host mRNAs to provide RNA primers for the transcription of viral genes [11] . The length of 8 7
cap-snatched host sequences varies, but cap-snatching typically results in 10 -13 nt of host 8 8 encoded-sequence being appended to the 5′ end of the mRNAs of IAV [19] [20] [21] [22] and 11 -18 8 9 nt to the mRNAs of the bunyaviruses [23] [24] [25] [26] [27] . In other words, as a result of cap-snatching 9 0 sNSVs produce chimeric mRNAs in which host 5′ UTR sequences are present upstream of 9 1 the virally-templated 5′ UTR. It seemed plausible that, if upstream translation initiation was 9 2 occurring in host mRNAs, it might also occur in these chimeric viral mRNAs. 9 3
To determine whether upstream translation initiation could occur in sNSVs, we examined 9 4 three viruses: the orthomyxovirus influenza A virus (IAV), a cause of influenza in humans 9 5 and other animals and the cause of all influenza pandemics [28] , and two bunyaviruses: the 9 6 tick-borne phenuivirus Heartland virus [29] and the midge-borne peribunyavirus Oropouche 9 7 virus [30] . We demonstrated that, consistent with our hypothesis, each of these viruses is 9 8 capable of upstream translation initiation. Focussing on IAV, we showed that upstream 9 9 translation initiation takes place through two distinct routes -initiation within the virally-1 0 0 encoded 5′ UTR, and initiation still further upstream in the host-derived cap-snatched leader. 1 0 1 This second route produces chimeric gene products in a process we termed 'start-snatching.' 1 0 2
We found that either route for upstream translation can, depending on viral sequence, 1 0 3 produce N-terminal fusions to viral proteins, and we identify an example of such an N-1 0 4 terminally extended proteins within influenza virions. In addition, it is possible for upstream 1 0 5 translation to access cryptic uORFs that overlap the canonical viral open reading frame 1 0 6 (ORF). We discovered that the genetic potential to generate such uORFs is widely distributed 1 0 7 in influenza viruses and in peribunyaviruses, and in the case of IAV we found evidence that 1 0 8 uORFs are conserved, can be translated and can be presented to the adaptive immune system. 1 0 9
We conclude that upstream translation initiation is a previously unappreciated mechanism for 1 1 0 expanding the genetic capacity of sNSVs, increasing still further the ability of these viruses to 1 1 1 encode a diverse array of gene products in a constrained genome. We first determined how much of the reporter signal was due to translation initiation at sites 1 2 4 up to and including the first AUG in the construct, which we refer to as the canonical start, as 1 2 5 opposed to cryptic downstream translation initiation. To do this, we compared WT reporter 1 2 6 constructs to WT-STOP mutants, in which the canonical start was followed by two in-frame 1 2 7 stop codons ( Fig 1A) . These downstream stop codons substantially reduced reporter 1 2 8 expression in all three systems, suggesting that most translation initiated either at, or 1 2 9 upstream of, the canonical start ( Fig 1B) . 1 3 0
We next compared translation initiation at the canonical start with initiation upstream of this 1 3 1 position. To do this, we suppressed translation from the canonical start by mutating it from 1 3 2 AUG to GUA (M1V). As expected, when followed by stop codons (M1V-STOP) these 1 3 3 mutants behaved similarly to WT-STOP, with only a slight decrease in reporter attenuation 1 3 4 ( Fig 1B) . However, in the absence of downstream stop codons, M1V mutants gave 1 3 5 substantially higher reporter expression than WT-STOP ( Fig 1B) . For OROV and HRTV this 1 3 6 increase was 2.3-and 8.0-fold, respectively, while for IAV the increase was 125-fold ( Fig  1  3 7 1B). This showed that appreciable levels of translation can initiate from the 5′ ends of sNSV 1 3 8 transcripts, even in the absence of a canonical start codon. 1 3 9
This unexpected reporter expression could be explained in two ways: by upstream translation 1 4 0 initiation, or by non-canonical initiation from the mutated start codon. Distinguishing 1 4 1 between these possibilities required us to mutate the viral 5′ UTR, but doing so in a 1 4 2 minireplicon system is problematic as UTR sequences are required for normal viral 1 4 3 transcription. To remove the need for processing by viral transcriptional machinery, we took 1 4 4 the reporter construct with the most pronounced M1V phenotype, IAV NS, and cloned it in 1 4 5 the positive sense into the cellular RNA polymerase II-transcribed mRNA expression vector 1 4 6 pcDNA3A [31], introducing two in-frame stop codons upstream of the cloning site to exclude 1 4 7 translation initiation from vector sequences ( Fig 1C) . Transfection of this construct into cells 1 4 8 resulted in robust reporter expression. As in the minireplicon system, the WT-STOP and 1 4 9 M1V-STOP mutations strongly attenuated reporter expression and the attenuation of M1V 1 5 0 was partially alleviated when the downstream stop was removed ( Fig 1D) . The same effect 1 5 1 Discussion 3 0 8
Our results show that upstream translation initiation, a process that regulates the expression 3 0 9 of a large proportion of cellular genes [10, [12] [13] [14] [15] 38] , is also exploited by the sNSVs that 3 1 0 parasitize those cells. This finding is of general relevance to virology: given our finding that 3 1 1 translation can initiate even in the short virally-encoded 5′ UTRs of IAV (Fig 1 G-I) , it is 3 1 2 plausible that upstream initiation occurs in the 5′ UTRs of many other eukaryotic viruses. 3 1 3 Indeed, it is important to note that the viral UTRs we examined in this study do not contain 3 1 4 AUG codons, meaning that translation initiation in these regions is presumably from non-3 1 5 AUG codons, a common if low-level effect in both host and viral genes [4, 39, 40] . Our data 3 1 6 therefore add to a growing number of reports of upstream translation initiating on virally-3 1 7 encoded sequences, in some cases with clear regulatory effects [4, [41] [42] [43] [44] [45] [46] . On the basis of our 3 1 8 results we would argue that upstream translation of viral genes should not be discounted, 3 1 9 even in the absence of virally-encoded AUGs. 3 2 0
The reliance of sNSVs on cap-snatching for mRNA synthesis makes upstream translation 3 2 1 initiation in these viruses particularly interesting. Our data indicate that for sNSVs, upstream 3 2 2 translation can initiate not only on virally encoded sequences, but also in the short host-3 2 3 encoded sequences appropriated by cap-snatching ( Fig 2) . This 'start-snatching' would 3 2 4 require functional start codons extremely close to the 5′ end of cellular mRNAs. Start codons 3 2 5 of this sort, referred to as Translation Initiator of Short 5′ UTR (TISU) motifs, have been 3 2 6 reported in approximately 4 % of mammalian mRNAs, being particularly common in 3 2 7 'housekeeping' genes [16] [17] [18] . We note that this figure is comparable to the ribosomal 3 2 8 density we observed on the 5′ UTRs of viral mRNAs ( Fig 1E) and is compatible with the 8 -3 2 9 10 % of viral cap-snatched leaders which we found to contain AUGs ( Fig 2D) . TISU motifs 3 3 0 are functional within 30 nt of the 5′ cap, including at sites at the extreme end of mRNA with 3 3 1 5' UTRs as short as 5 nt [16] [17] [18] . As with other upstream translation sites, TISUs have been 3 3 2 proposed to regulate the expression of downstream genes, in response to factors including 3 3 3 energy deprivation and the circadian rhythm [47] [48] [49] . As a result sNSVs, being capable of 3 3 4 start-snatching, will necessarily incorporate host regulatory elements into their own mRNAs. 3 3 5
We propose that, in this way, start-snatching may allow sNSVs to modulate their translational 3 3 6 profile in response to the effects that infection is having on their host's gene expression. 3 3 7
Our data also show that upstream translation in sNSVs can lead to the expression of novel 3 3 8 viral proteins. We have shown this experimentally for IAV (Fig 2A-C, Fig 3F) and it is clear 3 3 9
from genome sequences that the genetic potential to generate proteins from upstream 3 4 0 translation is widespread in IAVs and peribunyaviruses ( Fig 3A, B , Supplementary Fig S6  3  4  1  and Supplementary Tables S3, S4 ). Upstream translation could lead to N-terminal extensions 3 4 2 to canonical proteins, as for the NP-UTR protein we detected in IAV virions (Fig 2 A-C) . It 3 4 3 could also lead to the translation of proteins from cryptic overlapping uORFs, which have the 3 4 4 potential to be presented to the adaptive immune system ( Fig 3F) . While this work was being 3 4 5 completed we became aware of another study, currently in pre-print form, that examined 3 4 6 translation initiation from the cap-snatched sequences of IAV [50] . Consistent with our 3 4 7 results, the authors of this work also report the expression of short uORFs from a number of 3 4 8 IAV genome segments, producing proteins they referred to as Upstream Flu ORFs (UFOs). 3 4 9
Novel viral proteins of this sort share several key features. They would most likely be 3 5 0 expressed at low to moderate levels -certainly lower than most viral proteins, although the 3 5 1 proteins of rapidly-replicating viruses such as IAV are typically expressed at extremely high 3 5 2 levels. Based on our data, this appears to be the case for NP-UTR ( Fig 2C) . If they overlap a 3 5 3 canonical ORF they will also be short, typically less than 100 codons ( Fig 3A, Supplementary  3 5 4 Fig S6) . This is shorter than most viral and cellular proteins, though comparable in length to 3 5 5 many short functional ORFs in viral and cellular genomes [33] [34] [35] 38, 51, 52] . Finally and, 3 5 6 given their small size and moderate expression levels, perhaps surprisingly, the overlapping 3 5 7 uORFs in segments 1 -4 of IAV are highly conserved. 3 5 8
The conservation of uORFs makes it tempting to suggest that they might encode functional 3 5 9 proteins. However, arguments of this sort must be treated with caution, as other forms of 3 6 0 selection also act on IAV genome sequences. In particular, genome packaging signals in the 3 6 1 primary RNA sequence are concentrated in the terminal regions of each segment [53-55], 3 6 2 resulting in a suppression of synonymous codon usage comparable to that of known 3 6 3 overlapping ORFs ( Supplementary Fig S10) [54,56]. One can instead look for suppression of 3 6 4 stop codons in the +1 and +2 frames (reasoning that conservation of primary RNA sequence 3 6 5 should not discriminate specifically against stop codons), but this requires some care as the 3 6 6 occurrence of stop codons in these frames can be affected by codon usage in the main ORF, 3 6 7 as well as by nucleotide and dinucleotide biases [3, 57, 58] . We attempted to address this by 3 6 8 using randomization to assess the likelihood that the absence of stop codons in any given 3 6 9 region could have arisen through chance alone ( Supplementary Fig S10; see Methods for 3 7 0 details). Of the areas where stop codons appeared to be suppressed, the only ones that could 3 7 1 not plausibly be explained by chance alone were the known +1 frame M2 and NEP ORFs and 3 7 2 a short +2 frame region near the 5′ end of the NS1 ORF ( Supplementary Fig S10) . Clearly 3 7 3 this is a fairly weak analysis, best suited to identifying long ORFs conserved between highly 3 7 4 divergent sequences. Notably it did not score as significant a number of established 3 7 5 overlapping ORFs, such as the PB1-F2 and PA-X [59, 60] . However, this analysis and the 3 7 6 known selection for primary RNA sequence in IAV genome segments mean that the observed 3 7 7 conservation of uORFs is uninformative regarding their functional importance. As a result, 3 7 8 while it is clear that uORFs can be translated, whether there is direct fitness benefit arising 3 7 9 from the proteins they encode must be assessed experimentally on a case-by-case basis. 3 8 0
Whether or not the virus makes direct use of uORF proteins, it is clear that the adaptive 3 8 1 immune system can recognise epitopes from within their reading frames ( Fig 3F) . MHC I 3 8 2 presentation of uORF-derived peptides poses the risk of an adaptive immune response 3 8 3 developing against sNSVs, analogous to the risks posed to IAV by the presentation of 3 8 4 alternative reading frames (ARFs) and defective ribosomal products (DRiPs) [61] [62] [63] [64] [65] . Indeed, 3 8 5 the risks posed by the presentation of uORFs are potentially even higher due to the high 3 8 6 conservation of these sequences. They are conserved nonetheless, which suggests that any 3 8 7 cost the virus incurs through their visibility to the immune system is outweighed by the 3 8 8 fitness benefits of maintaining this genetic architecture. 3 8 9
In summary, we have shown that sNSVs can expand their genetic repertoire through a 3 9 0 widespread capability for upstream translation initiation. Like all viruses, sNSVs rely on their 3 9 1 hosts for the translation of their genes, and by utilising their host's mechanisms of upstream 3 9 2 translation this diverse group of viruses have gained the ability to develop additional layers of 3 9 3 gene regulation and to potentially encode further gene products in their highly constrained, 3 9 4 short RNA genomes. 3 9 5
Materials and Methods Fig S1B) . These RPFs were also used to determine 4 7 5 the relative read densities in host 5′UTRs and coding sequences; in this case only reads with 4 7 6 estimated P-sites mapping within the 3′-most 60 nt of the 5′ UTR and the 5′-most 450 nt of 4 7 7 the coding region were counted. 4 7 8
To quantify RPFs that spanned the junction between virus-derived and host-derived (i. Mass spectrometry 4 8 8
The purification of influenza virions and collection of mass spectra by LC-MS/MS has been 4 8 9 described previously [67], and followed previously-described protocols for purification, mass 4 9 0 spectrometry and data analysis [77] . Briefly, the IAV WSN was propagated on MDBK cells. 4 9 1 Six viral stocks were prepared, of which half were subjected to haemadsorption on chicken 4 9 2 red blood cells to stringently remove non-viral material. Virus particles were then purified by 4 9 3 sucrose gradient ultracentrifugation, lysed in urea, reduced, alkylated and digested with 4 9 4 trypsin and LysC. Tryptic peptides were analysed by liquid chromatography and tandem 4 9 5 mass spectrometry (LC-MS/MS) using an Ultimate 3000 RSLCnano HPLC system (Dionex, 4 9 6 Camberley, UK) run in direct injection mode and coupled to a Q Exactive mass spectrometer 4 9 7 (Thermo Electron, Hemel Hempstead, UK) in 'Top 10' data-dependent acquisition mode. 4 9 8
Raw files describing these mass spectra have been deposited at the Mass spectrometry 4 9 9
Interactive Virtual Environment (MassIVE; Center for Computational Mass Spectrometry at 5 0 0 University of California, San Diego) and can be accessed at 5 0 1 http://massive.ucsd.edu/ProteoSAFe/datasets.jsp using the MassIVE ID MSV000078740. For 5 0 2 the purposes of this project, data were re-analysed using MaxQuant 1.5.8.3 analysis software 5 0 3
[78] using standard settings and the following parameters: label-free quantitation and the Sequencing of cap-snatched leader sequences
The sequencing of cap-snatched leader sequences was described in detail in a recent pre-print 5 1 3
[22]. Briefly, primary CD14+ human monocytes were isolated from 4 volunteer donors under 5 1 4 ethical approval from Lothian Research Ethics Committee (11/AL/0168) and cultured in the 5 1 5 presence of 100 ng/ml (104 U/ml) recombinant human colony-stimulating factor 1 (a gift 5 1 6 from Chiron, USA) for 8 days to differentiate them into macrophages. Monocyte-derived 5 1 7 macrophages were then infected with influenza (Udorn) at an MOI of 5, harvested at 0, 2, 7 5 1 8 and 24 hours post-infection (times defined as starting after a 1h adsorption step), and 5 1 9 processed for RNA extraction using a miRNeasy Mini Kit (Qiagen). Cap analysis of gene 5 2 0 expression (CAGE) was performed as part of the FANTOM5 project, following the 5 2 1 procedure of [80] . Data were processed as in [81] using custom Python scripts available at 5 2 2 https://github.com/baillielab/influenza_cage 'ATG analysis'. The datasets analysed during 5 2 3 the current study are available in the Fantom5 repository, http://fantom.gsc.riken.jp/5/data/ 5 2 4
Influenza A virus frame 3 conservation analysis 5 2 5 Full-length sequences for influenza A virus gene segments 1 (PB2, 42311 sequences), 2 (PB1; 5 2 6 42303 sequences), 3 (PA; 42756 sequences) and 4 (HA; H1 subtype only; 23798 sequences) 5 2 7 were downloaded from the NCBI on 30/08/2019. Nucleotide multiple sequence alignments 5 2 8 (MSAs) were created and clipped 450 nt downstream of the first AUG codon. All sequences 5 2 9 were translated and frame 3 (+2) sequences were extracted; each frame 3 sequence was 5 3 0 clipped after its first stop codon. Clipped frame 3 protein sequences were aligned by MAFFT 5 3 1 using default parameters [82] , with spurious or poorly aligned reads removed using trimAl, 5 3 2 using parameters -resoverlap 0.70 -seqoverlap 75. Codon usage tables were compiled using 5 3 3 BioEdit. 5 3 4
Peribunyavirus uORF analysis 5 3 5
Representative reference sequences were downloaded from the NCBI in September 2018 for 5 3 6 all species in the family Peribunyaviridae, as defined by the International Committee for 5 3 7
Taxonomy of Viruses (ICTV). All available segments for each species were downloaded and 5 3 8 examined. For each segment, we recorded the start and stop coordinates of the major ORF. 5 3 9
To examine the coding potential of these sequences, we used custom scripts to virtually 5 4 0 translate reference sequences in all three frames and identify regions of uninterrupted coding 5 4 1 sequence that begin upstream of the start codon of the major ORF, which are not preceded by 5 4 2 an in-frame stop codon. All scripts and data used in this analysis are openly available in an 5 4 3 online repository (https://giffordlabcvr.github.io/Peribunyaviridae-GLUE/).
4 4
Mouse pathogenesis studies 5 4 5
Six-week-old female BALB/c mice were anaesthetised with isofluorane before intranasal 5 4 6 inoculation with 1000 PFU of each influenza virus (n=5). The animals were monitored daily 5 4 7 for body weight changes and survival for 14 days after virus challenge. For ethical reasons, 5 4 8 mice presenting ≥ 25% body weight loss were humanely euthanized. All procedures that 5 4 9 required the use of animals performed in Portugal were approved by the Instituto Gulbenkian 5 5 0 de Ciência Ethics Committee and the Animal Welfare Body, as well as by the Portuguese 5 5 1 Authority for Animal Health, Direção Geral de Alimentação e Veterinária (DGAV). 5 5 2 OTI T cell activation assay 5 5 3 IAV antigen was propagated by infecting MDCK cells with IAV PR8 wild type, PR8 5 5 4 containing an NS segment with SIINFEKL inserted into frame 3 (PR8-NS.F3.SIIN) or PR8 5 5 5 containing an NA segment with SIINFEKL inserted into frame 1 (PR8-NA. SIIN [37] ). The 5 5 6 IAV antigen preparations were prepared as described [83, 84] . Briefly, MDCK cells were 5 5 7 infected for 48 h with each IAV stain and then centrifuged, resuspended in 0.1 M glycine 5 5 8 buffer containing 0.9% NaCl (pH 9.75), and shaken at 4°C for 20 min. Preparations were 5 5 9 sonicated 4 times at 10 s intervals before centrifugation, and the supernatant stored at -80°C. 5 6 0
Bone marrow was taken from 10-14 week old naïve female C57BL/6 mice, purchased from 5 6 1 Envigo (UK) and maintained at the University of Glasgow under standard animal husbandry 5 6 2 conditions in accordance with UK home office regulations and approved by the local ethics 5 6 3 committee. Bone marrow derived dendritic cells (BMDCs) were prepared as previously 5 6 4 BMDCs that had been exposed to viral antigen were co-cultured with CD8+ OTI T cells for 5 7 6 24 h. Activated T cells were detected by immunostaining with antibodies against Va2-E450 5 7 7 (Thermo Fisher), Vb5-PE (M59-4 BD Biosciences), CD8-Alexaflor488 (53-6.7 Thermo 5 7 8 Fisher), CD25-APC (PC61.3 Thermo Fisher), CD44-PerCpC5.5 (IM7 Thermo Fisher), and 5 7 9 CD69-PerCy7 (H1.2F3 Thermo Fisher). Data were acquired with a BD Fortessa cell analyser 5 8 0 and analysed by FlowJo (BD, version 10). 5 8 1
Analysis of stop codon suppression in influenza A viruses 5 8 2 All influenza A virus nucleotide sequences were downloaded from the NCBI on 28 July 2019. 5 8 3 Patent sequence records, sequences with NCBI keywords "UNVERIFIED", 5 8 4 "STANDARD_DRAFT" or "VIRUS_LOW_COVERAGE", and sequences with any 5 8 5 ambiguous nucleotide codes (e.g. "N"s) were removed. leaving 109,132 sequences. 5 8 6
Sequences were sorted into the eight segments using tblastn [86] with PR8-strain peptide 5 8 7 sequences as queries. 5 8 8
For the three-frame stop codon plots, a set of "representative" sequences for each segment 5 8 9 was obtained using BLASTCLUST (a single-linkage BLAST-based clustering algorithm; 5 9 0
[86]) to cluster closely related sequences. One representative sequence from each cluster was 5 9 1 selected. A disadvantage of this approach is that defective sequences (from defective viruses 5 9 2 or from poor quality sequencing or misassembly) tend to form their own clusters and so 5 9 3 become over-represented in the set of "representative" sequences. To guard against such 5 9 4 problems, we used a number of restrictive selection criteria (see below). In segments 7 and 8, 5 9 5 we first inserted "NN" immediately 5′-adjacent to the splice acceptor site in all sequences to 5 points of infection, suggesting that RNPs may also form with host mRNAs. High levels of 7 4 5 contamination would make interpreting the low density of non-phased RPFs in the viral 5′ 7 4 6 UTRs problematic. The library shown here was specifically chosen as one with relatively low 7 4 7 contamination (assessed by a low density of reads mapping to host mRNA 3′ UTRs). To 7 4 8 confirm that the reads observed in the viral 5′ UTRs were predominantly bona fide ribosome 7 4 9 footprints, we compared their length distribution (green) with those of host mRNA coding 7 5 0 sequence (CDS)-mapping reads (purple) and viral CDS-mapping reads (blue). The very 7 5 1 similar length distributions indicate that the reads we saw mapping to viral 5′ UTRs in this 7 5 2 library are mostly bona fide RPFs, with only a small fraction of contamination (note the high-7 5 3 end shoulder in the green distribution). In contrast, reads mapping to the viral genome in the 7 5 4 negative sense orientation were found to have a very different length distribution (orange) 7 5 5 indicating that they are, as expected, not bona fide RPFs, consistent with them deriving from 7 5 6 co-sedimenting viral RNPs. (C) Histograms of 28, 29 and 30 nt Ribo-Seq read positions 7 5 7 relative to annotated initiation and termination sites summed over all host mRNAs. 7 5 8
Histograms show the location of the 5' ends of reads with a +12 nt offset to map the 7 5 9 approximate P-site positions. Reads which map to the 1st, 2nd or 3rd nucleotides of codons 7 6 0 are indicated in purple, blue or yellow respectively. The vast majority of reads map to the 1st 7 6 1 nucleotide position of codons. While only a small proportion of reads map to the 5' UTRs, 7 6 2 considerably fewer reads map to the 3' UTRs. 
